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Ion Channels in Yeast

MicHAEL C. GUSTIN, BORIS MARTINAC, YOSHIRO SAIMI,
MicHAEL R. CULBERTSON, CHING KUNG

Voltage-dependent ion channels have been found in the plasma membrane of the yeast
Saccharomyces cerevisine. Ion channel activities were recorded from spheroplasts or
patches of plasma membrane with the patch-clamp technique. The most prominent
activities came from a set of potassium channels with the properties of activation by
positive but not negative voltages, high selectivity for potassium over sodium ion, unit
conductance of 20 picosiemens, inhibition by tetraethylammonium or barium ions,
and bursting kinetics.

variety of tissues and organisms in both
plants and animals. Ion channels are a
class of proteins that function as gated pores
in the cell membrane, allowing the flow of
ions down electrical or chemical gradients.
However, genetic dissection of ion channel

l ON CHANNELS ARE FOUND IN A WIDE

function has been carried out in Paramecium
(1) and Drosophila (2). Among eukaryotes,
the yeast Saccharomyces cerevisine can be ma-
nipulated genetically most easily (3). A ge-
netic approach, coupled with the ability to
record ion-channel activities in the plasma
membrane of yeast, would serve to advance
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Fig. 1. Whole-cell currents from spheroplasts. (A) Phase-contrast micrograph of a spheroplast on a
patch-clamp pipette. (B) Establishing the whole-cell mode. (Left) Currents from an on-cell patch. The
electrode formed a 6-gigaohm seal on a spheroplast and the application of +50 mV (positive pipette
voltage, Vy,; arrows indicate onset of voltages from 0 mV') yielded a seal current of about 8 pA out of the
pipette (upper trace, left; broken line indicates the zero-current level). (Right) Currents from the whole-
cell mode recorded from the same spheroplast as left. Transition to this recording mode from the on-cell
patch was characterized by the presence of a prominent, rapidly fluctuating current (+50 mV, upper
trace, right). This current was absent at —50 mV (lower trace, right). The seal current decreased slightly
in this case as the seal improved upon the additional suction applied to establish the whole-cell mode.
Solutions used were 100 mM KClI (pipette); 50 mM KCl, 50 maf NaCl, 20 mM MgCl, (bath) at 20°C.
In Fig. 1, B and C, and Fig. 2, A to C, pipette solutions contained additionally 3 maM CaCl,, 0.1 mM
Na,EDTA, and 5 mM Hepes-KOH (pH 7.2); bath solutions contained additionally 1 mM EGTA, 0.98
mM CaCl, (107°M free Ca>*), and 5 mM Hepes-KOH (pH 7.2); these components add an additional
2 mM K* to all solutions. (C) Families of whole-cell currents from a different spheroplast at the pipette
voltages (V) marked on the left. (Left) The fluctuating current is only observed at positive voltages.
Upon a strong and prolonged depolarization (such as +50 mV), the current slowly relaxed. Arrows
indicate onset of voltage from 0 mV; dashed lines indicate the zero-current level. (Middle) The
prominent asymmetric current was suppressed by 20 mM TEA and recovered (right) when the TEA
was washed out. All cutrents shown were filtered at 1 kHz and replayed on a chart recorder. The
solutions used were 150 mM KClI (pipette); 50 mM KCl, 100 mM NaCl, 50 mM MgCl,, 20 mM
TEA-Cl (bath); 20°C.
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our knowledge of channel structure, func-
tion, and regulation. Toward this goal, we
have begun to study the ion channels in the
plasma membrane of yeast spheroplasts with
the patch-clamp technique (4).

Spheroplasts of diploid yeast were pre-
pared with Zymolyase (5) to remove the cell
wall. Gigaohm seals were formed between
patch pipettes (5 to 10 megohms) and larger
spheroplasts, averaging 7 to 10 pm in diam-
eter. Seal resistances ranged between 1 to 40
gigaohms, usually about 4 gigaohms. Re-
quirements for gigaohm seal formation were
(i) millimolar concentrations of Mg?* or
Ca’* in the bath and pipette solutions and
(i1) vigorous suction of the spheroplast onto
the pipette. Formation of the gigaohm seal
was generally slow (tens of seconds).

Once a gigaohm seal formed on the intact
cell, a whole-cell recording mode was
achieved by applying additional suction or
large voltage pulses. There were two conse-
quences of this transition. (i) Under phase-
contrast optics, the cell interior became
darker, possibly because of an exchange of
cytoplasmic constituents with the pipette
solution. (ii) A depolarization-activated cur-
rent was observed. The currents responding
to voltage steps of +50 or —50 mV (V,,) are
shown (Fig. 1B) for both the on-cell patch
mode (left) and the whole-cell mode (right),
recorded from the same spheroplast. Note
that in the whole-cell mode, a positive pi-
pette voltage (V) is a depolarizing voltage
for the cell membrane. An outward current
was seen in the whole-cell mode only upon
depolarization and not upon hyperpolariza-
tion. This asymmetric current is diagnostic
of the whole-cell recording that has been
achieved over a hundred times. Although
hyperpolarization-activated currents were
also observed in the whole-cell mode, these
were generally unstable and thus difficult to
study.

Because of its prominence and stability,
the depolarization-activated current was an-
alyzed in greater detail both in the whole-
cell recording mode (Fig. 1, B and C, and
Fig. 2B) and in excised outside-out patches
(Fig. 2A). The relation between this mem-
brane current and applied voltage is shown
in Fig. 1C. Above a threshold of —10 to 0
mV, increasing voltage resulted in larger
and larger currents that fluctuated rapidly
over a range of approximately 10 pA upon
depolarization to +50 mV. The fluctuation
probably resulted from a summation of
many rapidly gating channels of unit con-
ductance (see below). When large depolariz-
ing voltages were sustained, the activated
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current relaxed over time (Fig. 1C, upper
left). Addition of 20 mM tetracthylammon-
ium chloride (TEA-CI) to the bath solution
reversibly inhibited the depolarization-acti-
vated current (Fig. 1C). Addition of 10 mA
BaCl, to the bath also inhibited the depolar-
ization-activated current, while 10 mA/ tet-
ramethylammonium chloride or 10 mM
CaCl, was without effect. Since TEA* and
Ba’* block K* channels in many systems
(6), these results suggest that the depolariza-
tion-activated current is carried by K.
Varying the free Ca’" concentration be-
tween 107’M and 107%M in the pipette had
no effect on the depolarization-activated
current, suggesting that this K™ conduc-
tance is not regulated by intracellular
Ca**.

Two approaches were used to examine the
unitary conductance activated by positive
voltages. One procedure was to excise out-

side-out patches starting from the whole-cell
recording mode (Fig. 2A). In such excised
patches, the depolarization-activated current
was smaller than in the whole cell and
showed bursting behavior. A second proce-
dure was to hold the voltage in the whole-
cell mode at +40 mV or greater. With
sustained depolarization the current relaxed
from an initial peak value to a new steady
state (Fig. 2B, upper trace). Periods in
which all of the depolarization-activated
current was inactivated (arrow) alternated
with periods in which one or sometimes
more equal step increases in current were
observed (arrowhead). Such quantum levels
of current were observed only upon depolar-
ization and were blocked by external 20 mA/
TEA-ClL. When these bursts of unitary cur-
rent were examined at better frequency reso-
lution (Fig. 2B, lower trace), we observed
clear transitions of picoampere current be-
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Fig. 2. Single-channel currents. (A) The unitary current underlying the ensemble currents was recorded
from an outside-out patch (right) excised from a whole cell (left). After excision of the patch, the current
was greatly reduced and showed bursting behavior. Traces are from chart records (dashed line, zero
current level). The solutions used were 100 maf KCI (pipette); 50 mAM KCl, 50 ma4 NaCl, 5 mM
MgCl, (bath); 20°C. (B) (Upper trace) Unitary currents were also recorded after relaxation of the
whole-cell ensemble currents. A voltage step from —40 to +40 mV caused a relaxation of the whole-cell
ensemble over tens of seconds (dots) to a new steady state where all channels were closed some of the
time (arrow), followed by bursts of activities from one or more channels (arrowhead). Data from chart
record. The solutions were 180 ma KCl (pipette); 30 mM KCl, 150 mM NaCl, 5 mM MgCl, (bath);
20°C. (Middle and lower trace) Single-channel bursts after ensemble relaxation, examined at higher
time resolution, revealed clear open and close states characteristic of ion-channel behavior. (Middle
trace) Data from chart record; (lower trace) the computer display from the same recording stored on
magnetic tape and fed into an INDEC 11-23" computer with a 0.1-msec sampling rate after filtration
at 2 kHz (8-pole Bessel filter). The solutions for the middle and lower traces were 150 maf KCl
(pipette); 30 mM KCl, 120 mA NaCl, 50 ma MgCl, (bath); 6.5°C. (C) Current-voltage relationship
of unitary current. Flat-top unitary currents were taken from a recording in whole-cell mode after
ensemble current relaxation [see legend to (B)]. Inspection of recorded data was the same as for (B).
Lower trace (see above) except that filtration was at 1 kHz. Pipette solution was 120 mA KCl. Bath
solution was initially 120 ma{ KCl, 40 mM MgCl,, and 5 mM CaCl, (®) and, after perfusion, 20 mM
KCl, 100 mM NaCl, 40 mM MgCl, and 5 mM CaCl, (O), both at 5°C. Calculated K™ equilibrium
potentials (arrows) were 0 mV and —41 mV, respectively. Only data for the minimum conductance
state of the channel are plotted. A second, higher conductance state of the channel was also observed at
5°C. The ratio of the two slope conductances was 1.3 + 0.1 (mean + SD, # = 5). This ratio appeared
to be independent of the ion composition of the bath. Changing K™ concentration in the bath produced
shifts in the extrapolated E,e, for the two conductance states that were the same as the shifts in
calculated Ex. Since the minimum conductance state was most frequently encountered, only data
concerning this state are shown.
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tween two levels (closed and open), charac-
teristic of a channel-type conductance mech-
anism (7).

By use of single-channel recordings from
both excised patches and whole-cell mode,
we determined the slope conductance for
the depolarization-activated current (2 kHz
filtered) to be 20.5 = 3.9 pS (mean + SD,
n=7) at 20°C. Only flat-topped current
transitions were analyzed. However, be-
cause of the characteristic rapid flickering of
channel open-close events at 20°C, we also
measured slope conductance at 5°C. With
122 mM K* in both pipette and bath, the
slope conductance for the minimum con-
ductance state (see legend to Fig. 2C) of the
depolarization-activated current was 13 pS
(Fig. 2C). The extrapolated reversal poten-
tial (Erey) of 2 mV for this current was close
to the expected K* equilibrium potential
(Ex) of 0 mV. Replacement of 100 mM K*
in the bath solution with 100 mM Na*
resulted in a small reduction in the slope
conductance and a shift in the extrapolated
E,., to —37 mV, close to the calculated Ex
of —41 mV (Fig. 2C). The parallel shift of
E,., and calculated Ex further indicates K*
as the major permeant ion. This agreement,
even in the presence of a large Na™ gradient
in the opposite direction of the K* gradient
(see legend to Fig. 2C), also indicates that
this channel strongly selects for K* over
Na*. After subtraction of the seal current
(obtained from the current response to hy-
perpolarization) the peak whole-cell K*
conductance at 20°C was 151 + 20 pS
(mean = SD, » = 4). Comparisons of the
whole-cell K* conductance and the unit K*
conductance give a minimum estimate of
only seven to ten channels per cell.

The finding of voltage-dependent ion
channels in the plasma membranes of animal
(4), plant (8), and now fungal cells suggests
such channels might be a ubiquitous feature
of eukaryotes. However, in contrast to other
systems, the function of a voltage-dependent
K* channel in yeast is unclear. Fungi use a
proton electrochemical potential (Apg+)
(9), primarily generated by an adenosine
triphosphate—driven H™ extrusion pump in
the plasma membrane (10), to facilitate up-
take of nutrients (11). The membrane po-
tential (interior negative) of the cell is one
component of Augy-+. Perhaps voltage-de-
pendent K" channels play a role in the
homeostatic regulation of the cell membrane
potential.

The successful recording of single-channel
activity in the yeast plasma membrane cre-
ates several opportunities. The genetic ad-
vantages of yeast can be exploited to study
the structure, function, assembly, and regu-
lation of native channels through mutant
selection and analysis. Foreign channel
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genes introduced by transformation (12, 13)

/into yeast may be expressed and channel
activity recorded. The effect of site-specific
mutagenesis of the channel gene (I14) on
channel function could then be analyzed.
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Altered K* Channel Expression in Abnormal T
Lymphocytes from Mice with the /jpr Gene Mutation

K. GEORGE CHANDY, THOMAS E. DECOURSEY, MICHAEL FISCHBACH,
NORMAN TALAL, MICHAEL D. CAHALAN, SUDHIR GUPTA

The observation that voltage-dependent K* channels are required for activation of
human T lymphocytes suggests that pathological conditions involving abnormal
mitogen responses might be reflected in ion channel abnormalities. Gigaohm seal
techniques were used to study T cells from MRL/MpJ—Ip#/lpr mice; these mice develop
generalized lymphoproliferation of functionally and phenotypically abnormal T cells
and a disease resembling human systemic lupus erythematosus. The number and
predominant type of K* channels in T cells from these mice differ dramatically from
those in T cells from control strains and a congenic strain lacking the /pr gene locus.
Thus an abnormal pattern of ion channel expression has now been associated with a
genetic defect in cells of the immune system.

ECENT STUDIES WITH THE GI-
Rgaohm seal technique indicate that

the most abundant ion channel in
human and murine T lymphocytes is a volt-
age-gated K* channel closely resembling the
delayed rectifier of muscle and nerve (1-5).
Sodium channels have been detected only
infrequently in T lymphocytes, and calcium
channels have not been observed thus far.
Several types of evidence suggest that K*
channels play a necessary role during human
T-lymphocyte activation and proliferation
(1, 4, 6). In this report we show that K*
channels in murine T cells play a similar role.
In addition, we have taken advantage of the
existence of a strain of mice, MRL/MpJ—
prilpr (MRL-1), with genetically induced
abnormalities of T lymphocytes (7), to fur-
ther explore the involvement of K* channels
in T-cell proliferation.

MRUL-] mice that are homozygous for the
autosomal recessive /pr mutation, develop
severe lymph node enlargement early in life
that reflects polyclonal expansion of a T-cell
subset with a unique set of cell surface
markers (8). The abnormal subset of T cells
does not actively cycle in vivo, and may
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represent cells arrested at an immature stage
of differentiation (9). These cells display
impaired interleukin-2 production and pro-
liferation in response to mitogens in vitro
(7, 10). The congenic control strain,
MRL/MpJ—-+/+ (MRL-n), which differs
from MRL-] mice only in lacking the lpr
mutation, does not develop lymphoprolifer-
ation, and T lymphocytes from these mice
express a normal phenotype and respond
normally to mitogens in vitro (7-10). In
addition, they exhibit a lupus-like disease
much later in life than MRL-1 mice (7).
Thus, young congenic MRL-n mice repre-
sent a useful control for comparative studies.

Figure 1 shows outward K* currents
recorded from individual MRL-1 and MRL-
n T lymphocytes. Superficially, these K*
currents resemble those in human T lym-
phocytes (3). MRL-n T cells typically had
on the order of ten K* channels per cell,
with a low average (xSEM) maximum K*
conductance, gx, of 0.37 £0.10 nS
(n = 38). The gk of 26 T cells from four
other control mouse strains (CBA/J,
C57BL/6J, BALB/c, and C3H/He]J) that do
not spontaneously develop lymphadenop-

athy or autoimmune manifestations ranged
from 0.01 to 0.54 nS (5). The gx was
similar in T lymphocytes from lymph node
and spleen among the five control strains;
therefore these results have been pooled. K*
currents in T cells from MRL-] mice were
substantially larger than in the control
strains. The average + SEM gy for all the
MRL-] T lymphocytes was 4.6 = 0.6 nS
(n = 31). T cells from MRL-I lymph nodes
(» = 23) had uniformly high gk values. The
Jx in MRL-l splenic T cells was more
variable, with two of eight cells having low
Jx values in the range for T cells from
normal mice, probably reflecting normal T
cells in the population. The spleens from
MRL-] mice have a lower fraction of cells
with the aberrant phenotype (8, 11). In one
experiment, the fraction of phenotypically
abnormal splenic T cells was enriched by
selecting for Lyt-1*27 T cells (11). The
three purified MRL-1 splenic T cells studied
had a consistently high gk, comparable to
that in lymph node MRL-1 T cells. In con-
trast, two purified Lyt-1727 T cells from
control MRL-n mice had very low g val-
ues, in the range for normal mouse T cells.
Dividing the gk by the measured single K*
channel conductance gave an estimate of
220 K* channels in a typical MRL-l T
lymphocyte and about 12 K* channels per
MRL-n T lymphocyte. Thus, T cells from
diseased MRL-] mice have more than an
order of magnitude more K* channels than
normal mouse T lymphocytes. With the
exception of Na* channels sometimes ob-
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